Heavy Ion Induced Reactions by Singh, Dharmendra
HEAVY ION INDUCED REACTIONS 
DISSERTATION 
SUBMITTED FOR THE AWARD OF THE DEGREE OF 
IN 
I PHYSICS 
BY 
D H A R M E N D R A SINGH 
Under the Supervision of 
DR. M. AFZAL ANSARl 
DEPARTMENT OF PHYSICS 
ALIGARH MUSLIM UNIVERSITY 
ALIGARH (INDIA) 
2003 
2 8 SEP 2114 
DS3387 
DEDICATED 
TO 
MY LOVING PARENTS 
J^^^ DEPARTMENT OF PHYSICS 
(Dr 0\4 AfzaCAnsan / ^ ^ ALIGARHMUSLIM UNIVERSITY 
ui. JYL. yy^ai ytn^ari r | J T S J J ALIGARH - 202 002 (INDIA) 
PhD. \&t^^^ Phone: 0571-2701001(0) 
Reader >5^J*^ 057i-2500429 (R) 
Fax 0571-2701001 
E-mail : drmafcalansarifSvahoo.com 
Residence: 4/1100-D, Sir Syed Nagar, ALIGARH - 202 002, INDIA 
CERTIFICATE 
Certified that the work presented in this dissertation 
is the original work of Mr. Dharmendra Singh done under 
my supervision. 
( Dr. M. Afzal Ansari) 
ACKNOWLEDGMENTS 
I wish to express my sincere appreciation and unmense gratitude 
to my supervisor Dr. M. Afzal Ansari for his great help, valuable guidance 
and helpful discussions, to do this research work successfully. 
I express my thanks to Prof. A. K. Chaubey, Chairman, 
Department of Physics, Prof. S. K. Singh and Prof. R. P. Mathur, Ex-
Chairmen, Department of Physics for providing me necessary facilities 
during the course of this work. 
I am very much grateful to Dr. M. Ismail, Eix-Scientific Officer, 
Variable Energy Cyclotron Centre (VECC), Kokata, for his valuable 
suggestions and great help during the research experiment and the data 
analysis. 
I would also like to thank to Dr. Bikas Sinha, Director, VECC, 
Kolkata for extending experimental facilities and Cylotron Staff for their 
good co-operation during experiment. 
I am also thankful to my senior colleague Dr. N. P. M. Sathik, 
Trichurapalli, Tamilnadu, for his co-operation and discussions during 
the experiment. 
My sincere thanks are due to my teachers specially. Dr. 
Ramswaroop, Head, Department of Physics, D. S .College, Aligarh and 
Prof. R. J. Singh. 
My special thanks are extended to my friends Mr. Nissar Ahmad 
and Mr. Wasi Khan for their support and good co-operation during the 
completion of this work. Helping hand by Mr. Rahbar Ali and Mr. 
Ghulam Nabi Dar is also acknowledged with thanks. 
Finally, I am in a very great debt to all my family members of for 
their encouragement, support, blessings and good wishes. 
35 
(Dharmendra singh) 
CONTENTS 
Chapter I. Introduction 1 
References 8 
Chapter II Experimental Details 10 
Chapter III. 
Chapter IV. 
Chapter V. 
2.1 
2.2 
2.3 
2.4 
2.5 
2.6 
2.7 
4.1 
4.2 
4.3 
Activation Technique 
Target Preparation 
Energy Calibration 
Detector Efficiency 
Irradiation 
Formulation 
Experimental Errors 
References 
Measurements 
References 
Computer Code ALICE-91 
References 
Results and Discussion 
Experimental Results 
Analysis with Code ALICE-91 
Discussion 
References 
10 
11 
12 
12 
15 
16 
19 
21 
22 
37 
38 
44 
46 
46 
46 
48 
50 
Chaptei-I 
Introduction 
INTRODUCTION 
Ever since the discovery of nucleus and first artificial nuclear reaction 
by Rutherford, efforts are continued to have better understanding of atomic 
nucleus and its properties. Experimental nuclear physicists have been 
concerned with the investigation of various kinds of nuclear reactions. 
Nuclear reaction is a process in which change is brought about either in 
composition or energy or both of a target nucleus by bombarding with 
nuclear particles. While using charged particles as projectile, it is noted that 
the charged particle must have sufficient energy to overcome the Coulomb 
potential barrier, surrounding the target nucleus. 
In a nuclear reaction what actually happens during the reaction 
process is not well known. Being a quantum mechanical process, it cannot 
be directly visualized. Several theories and models have been proposed to 
understand reaction mechanism. 
According to the compound nucleus (CN) theory propounded by Bohr 
[1], it is assumed that, as the projectile comes in close contact with the target 
nucleus, it is absorbed forming compound nucleus and then the excitation 
energy of the projectile is shared among all the nucleons till the equilibrium 
is established. The compound nucleus has a lifetime (-10"^ ^ sec) much longer 
than the transit time (-10'^ ^ sec) of the projectile through the nucleus. The 
emission of particles fi-om the compound nucleus is governed by statistical 
laws. The decay of compound nucleus is assumed to be independent of its 
mode of formation. In this reaction mechanism the angular distribution of 
the emitted particles are isotropic. It is important to note that compound 
nucleus reaction mechanism is generally valid at relatively lower excitations 
energies. 
A typical energy spectrum of charged particles emitted during a 
nuclear reaction, at a given angle, and at moderate excitation energy is 
shown in Fig. 1.1, which shows that, at high energies there are several 
discrete peaks, some of these are well resolved, but at low energies there is a 
broad Maxwellian distribution followed by a continuum. The curve shows 
that the reaction has taken place in several steps and it also indicates that the 
particles are emitted from the equilibrated nucleus. Tlie isolated peaks at 
higher energies may be attributed to the direct reactions without the 
formation of compound nucleus (CN). The explanation of the continuum 
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Fig. 1.1 A typical energy spectrum of emitted particles in 
nuclear reaction at moderate energy. 
may be attributed to some intermediate processes called pre-equilibrium 
(PE) processes [2-4]. It may be assumed that the pre-equilibrium emission 
proceeds through two body residual interactions inside the compound 
system, after the initial interaction with the finite probability of particle 
emission after each collision. The pre-equilibrium emission may be 
considered as a bridge between two extreme reaction mechanisms. Presence 
of PE emissions at HI projectile energies slightly higher from Coulomb 
barrier has also been noticed [5]. 
Availability of accelerated ion beam of heavy ion (HI) has opened a 
new field of research, since the last decades. For many years there has been 
a great interest, to study the reaction mechanism in medium energy heavy 
ion (HI) induced reactions. One of the important aspects of heavy ion (HI) 
reactions is that nuclei with large amount of angular momentum can be 
produced far away from stability line. The study of interaction of two heavy 
ions is more complex in nature because both the projectile and target are 
many nucleon systems. The large Coulomb barrier between the interacting 
projectile and target, the large mass of projectile and hence the large angular 
momentum carried in by heavy ion, makes heavy ion reactions quite 
important. Since the de-Broglie wavelength of energetic heavy ions is much 
smaller than the nuclear size, heavy ion reaction may be treated semi-
classically. In semi-classical approach the radial motion is treated classically 
while angular motion in the central field, quantum mechanically. The semi-
classical nature of HI interaction makes it possible to give complete 
description in terms of the minimal distance between the two interacting ions 
Tmin which is related to the impact parameter 'b' [6] as, 
1- v^ 
1.1 
where, V(rn,in) is the nuclear potential acting between two ions and Ecm is the 
energy of two ions in center of mass system. For simplicity the nuclear field 
of the target nucleus is assumed to have a sharp boundary of radius RN, 
where the different reaction mechanisms predonunate as the minimal 
distance between the two ions increases. 
A schematic classical picture of heavy ion (HI) interactions with a 
nucleus is given in Fig. 1.2.Various interacting regions may be classified [7] 
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Fig. 1.2 A classical picture of heavy ion interactions with nucleus. 
(i) The fusion region, (0< rinm< R F) 
(ii) The deep inelastic collision and fusion region (RF< rmin<R DIC) 
(iii) TTie peripheral region (R DIC< rmin <RN) 
(iv) The coulomb region (rmin> RN) 
where, Rp=1.0 (Ai*^ + ^i'^)- A large number of measurements suggest that 
RF is somewhat smaller tihan the sum of the two ion half-density radii. 
In recent years there has been considerable interest in the study of 
complete fusion (CF) and incomplete (ICF) in heavy ion reactions at 
projectile energy range 5-10 MeV/nucleon, In the case of CF reaction the 
highly excited nuclear system decays by evaporating low energy nucleons 
and a-particles at the equilibrium stage. In case of ICF reaction only a part 
of projectile fuses with the target nucleus and the other part moves in the 
beam direction with almost the same velocity as that of incident ion beam 
[7]. The excitation function study is an important tool for the investigation 
of the mechanism of nuclear reactions [8-10]. 
The excitation functions of the nuclei produced in *^0 induced 
reactions on a Ge target have been measured by conventional stacked foil 
activation technique for bombarding energies E < 115 MeV *^0 ion beam. 
The experiment was performed at Variable Energy Cyclotron Centre 
(VECC), Kolkata. 
In the complete fusion (CF) process, the incident projectile completely 
fuses with the target nucleus to form a compound nucleus as shown in 
Fig. 1.3. In this process entire linear and angular momentum of the projectile 
is transferred to the composite nucleus and highly excited nuclear system 
decays by evaporating low energy nucleons and a-particles at the 
equilibrium stage. 
In the incomplete fusion (ICF) process only a part of the projectile 
fuses with the target nucleus and remaining part of HI moves in the beam 
direction with aknost the same velocity as that of incident ion beam. Hence 
incomplete momentum transfer takes place. In the interaction of ^^ O + '^ Ge 
system, incomplete fusion of ^^C, *Be or a-particle with the target nucleus 
Ge is shown in Figs. 1.4-1.6. 
Some of the important features of incomplete fusion (ICF) are given 
below [11]: 
(i) they are observed in case of low Z Projectile (Z<10) e.g. ^^ C, ^ ^O, ^ Ve. It 
has been found that in case of heavy projectile the many combinations of a 
cluster i.e. a, 2a, 3a etc. may be possible hence the reactions become more 
complicated; 
(ii) the recoil range distributions (RRD) of the heavy residues show a low-
range component suggesting incomplete momentum transfer; and 
(iii) the outgoing particles have forward peaked angular distribution and 
energy spectrum peaked at beam velocity [12]. These are also called as 
breakup fusion or massive transfer reactions. 
The present experiment has been performed using the Variable 
Energy Cyclotron Centre, (VECC), Kolkata, (India), wiiere as excitation 
functions (EFs) for the reactions '^^ Ge(^ ^0,4n)*^Zr, '^Ge (^^0,p2n) ^^ ^Y, 
''*Ge('^ 0,p3n)«^Y, ^^Ge(^^0,p4n)«V, ^^Ge(^^0,a3n)«^Sr, '^Ge(^^0,ap2n)«^Rb, 
'^*Ge('^ 0,ap3n)*^"*Rb and ''^ Ge(*^0,2a3n)^^Kr have been measured in the 
energy range ~ 60.2-111.6 MeV. Experimental techniques are described in 
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Fig. 1.6 Pictorial representation of ICF of *Be with "^^ Ge. 
Chapter 11, Details of measurements are given in Chapter III. The nuclear 
reaction model code ALICE-91 [13] is briefly discussed in Chapter IV. 
Comparison of measured excitation functions with the theoretical model 
calculations and discussions are presented in Chapter V. 
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Chapter-n 
Experimental Details 
CHAPTER-II 
2.1 Activation Technique: 
It is a method of cross-section measurement based on the formation of 
radioisotope, as a result of reaction between the incoming nuclear particle 
and the stable isotope of a particular element, which leads to the isotopic 
analysis. The unique decay mode of each residual radioisotope provides a 
specific way for its identification and Measurement. In this technique a stack 
of samples along with energy degraders be irradiated in a fixed geometry, by 
placing the target material normal to the incident projectile beam. 
In general, several activities due to various residual radioisotopes 
of different reactions are produced in an irradiated sample. One of the major 
advantages of activation techniques is, that the measurement of cross-
sections for more than one reaction is possible in one irradiation. It is 
important to note that activation technique is limited only for the reaction 
products which are radioactive and having measurable half-lives. Still the 
activation analysis is quite simple and accurate. But sometimes it becomes 
more complicated due the presence of radiations (y-rays) of almost similar 
energies from more than one reaction products or in other words due to 
presence of interfering reactions. In case of mixing of gamma rays due to 
different isotopes, the contribution from each isotope can be separated out 
on the basis of their half-lives, by following the induced activities for a 
considerably longer period. 
Our present work is based on the study of the *^0- induced reaction 
cross-section measurements using off-beam stacked foil activation 
10 
technique. In this technique, simply a stack of samples along with the 
desired energy degraders is being irradiated with the '^0-ion beam for a 
desired time, in a fixed geometry. In this way successive samples of the 
same geometry are irradiated at decreasing incident '^0-ion beam energies. 
Activities induced in the individual foils are detected and analyzed 
separately, using a pre-calibrated detection system. In our present 
measurement, we have used 100 cm ^ HPGe detector, coupled to PC based 
data acquisition system at VECC, Kolkata. 
2.1 Target Preparation: 
The targets of enriched isotope of '^^ Ge ( 98.9% ) were prepared by 
vacuum evaporation technique . The '^^ Ge material was deposited on the 
aluminum foils of thickness 1.14 mg/cm , Thickness of each target was 
measured by weighing individual aluminum foils before and after 
deposition of target materials. The thickness of various germanium foils 
varied between 80 to 270 g^/cm .^ The pieces of standard size of targets 
were fixed using the conducting glue zapon on circular aluminum frames 
of 30mm diameter having a circular hole of diameter 12mm in the its 
center. Samples for irradiation were taken in the form of stack of these 
targets. Tlie aluminum target holders were used for rapid heat dissipation. 
In order to achieve the desired variation in the incident energy, aluminum 
foils were sandwiched between successive target samples of the stack as 
energy degraders wherever desired. 
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2.3 Energy Calibration: 
The energy calibration of a y-ray detector is a pre-requisite of 
carrying out any spectroscopic work. In the case of activation technique, 
there are a large number residual nuclei and each has a number of y-rays. 
Hence in order to correctly identify the residual nuclei, their 
characteristic y-rays are to be identified for such purpose, a detector of 
good resolution and proper calibration is required. Further in order to 
make quantitative measurements. The detector efficiency for the given 
source-detector geometry must be known. In the present measurement a 
100 cm^ HPGe detector has been calibrated by using the standard Eu-152 
y-ray source. The source for calibration was obtained from the Variable 
Energy Cyclotron Center, Kolkata (India). The Eu-152 source emits 
intense y-rays in the energy range from 120 KeV to about 1400 KeV. 
The residual y-activities induced in each target foil were recorded by a 
pre-calibrated 100 cm^ HPGe detector, coupled to PC based data 
acquisition system at VECC, by placing the Eu-152 source at a suitable 
distance, in front of the lOOcm^ HPGe detector. The prominent y-rays 
that are used in the present calibration along with their intensities are 
listed in Table II. 1. 
2.4 Detector Efficiency: 
To calculate the y-ray detection efficiency of the 100 cm^ high purity 
germanium (HPGe) detector, Eu-152 standard y-ray source of known 
strength has been used. It is found that the variation of efficiency with 
energy for detectors of roughly same size and shape is quite similar even 
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Table II. 1 7-rays and their absolute intensities in standard 
152T y-source Eu 
S.No. 
1. 
2. 
3. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10 
11. 
12. 
Gamma rays 
energy (KeV) 
121.78 
244.70 
344.28 
411.12 
443.99 
778.93 
964.03 
1085.82 
1089.77 
1112.05 
1213.00 
1299.00 
1408.03 
Absolute Intensity, 
e (%) 
28.40 
7.50 
2.70 
2.20 
3.10 
13.00 
14.60 
10.10 
1.70 
13.20 
1.40 
1.60 
20.80 
though the absolute values may differ. The accuracy of the measurement 
depends upon the accuracy with which the detection efficiency is 
measured. The detection efficiency can be calculated by using the 
relation, 
13 
B lA 
w^ere, B is the observed disintegration rate of tiie gamma ray source at 
the time of experiment and B^ is absolute integration rate of Eu gamma 
ray source at the manufacturing. A is the decay constant, ' / ' i s the time 
gap between the date of manufacturing and observation, G is the 
geometry factor, v^ich takes into account. The solid angle subtended 
by the source at the detector, 0 is the absolute intensity of the particular 
y-ray. The probable error in the determination of the geometry factor has 
been avoided by calculating the geometry dependent efficiency by using 
the formula: 
B 
sG = 
-kt r\ 2.2 B^e-^\e 
(eG) is called geometry dependent efficiency of the detector. By 
using tiie source-detector separation assembly shown in Fig.2.1, the 
standard source and irradiated target were counted in the same geometry. 
Some typical geometry dependent efficiency curves as a function of y-ray 
energies at different source-detector distances, used in the present 
measurements are shown in Figs.2.2 and 2.3 , using a y^- fitting program 
[1]. A polynomial of degree 5 having the following form was found to 
give the best fit for these curves. 
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eG=ab -^afi^a,^ + ^ ^ +^4^ "ro^^ 2.3 
where, the coefficients '^.^i.Oz,03,04and a, are having different 
values for different source-detector distances and E being the energy 
of characteristic y-rays. 
•j CO "Va I ; / 3 W W 03 
Fig. 2.1 A typical arrangement for source-detector 
seperation assembly. 
2.5. Target Irradiation: 
Targets taken in the form of stack were irradiated with 115 MeV 
'^ O"^ ^ ion beam at Variable Cyclotron Centre, Kolkata. The targets in the 
stack were arranged in such a way that target material were facing the 
beam, so that the recoil nuclei may be trapped in the aluminum backing. 
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Fig. 2.3 Typical geometry dependent efficiency curves for various 
Source-^detector distances. 
More aluminum foils were used as catcher foil wherever desired. The 
stacks of the targets were irradiated for about 9 hours, keeping in view 
the half-lives of interest. Beam current of about 70 nA behind the target 
assembly was measured with an electron suppressed Faraday cup. The 
energy of *^0 beam incident on each foil in the stack was calculated from 
the energy degradation of the initial beam energy, using the stopping 
power table of Northcliffe and Schilling [2]. In these calculations energy 
and range straggling have not been taken into account due to their 
negligible effect. A typical diagram of the flange used for target 
irradiation is shown in Fig. 2.4, In the flange used for target irradiation a 
tantalum collimator of 8mm diameter was used to collimate the beam in 
the center of the target stack. Charge integrator attached to Faraday's Cup 
monitored the collimated beam falling on the targets. After irradiation 
and cooling, a lOOcm^ HPGe detector, coupled to PC based data 
acquisition system at VECC, Kolkata, recorded the spectra of residual 
activity induced in individual foils. 
2.6 Formulation: 
Irradiation of a sample by ^^ O ion beam may initiate various reactions 
in it. As a result various isotopes are formed by the emission of some 
particles and the residual nuclei left in the excited state are obtained .The 
residual nuclei may decay through its characteristic gamma-rays. If 'O' is 
the incident beam flux of *^0-ions, 'No' is the initial number of nuclei 
present in the sample and Or is the activation reaction cross-section, then 
the rate of formation of particular activation product is given by, 
16 
u 
en 
c 
a 
c 
o 
X 
a. 
v> 
e 
•s I 
g 
4> 
k< 
•«-< 
a 
S 
a 
3 
4> 
"w 
e 
S 
•c 
a 
K 
«i 
*« 
A^  = NJ a, 2.4 
If the residual nuclei so formed are radioactive, the equation (4) will 
have to be modified to take into account their simultaneous decay. The 
disintegration rate of the induced activity in a sample after a time't' from 
the stop of irradiation may be given by the expression, 
dt), ' » • ' ' • exp(A) ^-^ 
where, 'ti' is the length of irradiation of the target and 'X,' is the decay 
constant of induced activity of the residual nucleus which is related with 
the half-life (T1/2) by the expression, 
X=\vQlTy^ 2.6 
Here in equation (5), the factor [l-exp(-X,ti)] which called 'saturation 
correction factor' which taken into account the decay of activity during 
the irradiation. The number of decays of the induced activity is small 
time interval 'dt' can be written as , 
dN = a^ .NQ .^ [1 - exp(- M^)] exp(- At^ ).dt 2.7 
If the activity induced within the sample is recorded for a time 'ts' 
after a lapse of time 'ii (stop of irradiation and start of counting), then 
the total number of nuclides decayed during the time 'Xi and 't2+t3' will 
be given by, 
C=PdN 2.8 
C = <7, .NQ .jzJ.[l - exp(- At, ) \ 1'^'' exp(- M).dt 
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^ (^r'N.Jl^ - exp(- JU,)][\ - Qxp{-M,)] 
C = 7—T 2.9 
If the induced activity is receded by a suitable y-ray detector of 
geometry dependent efficiency £ G, then the absolute counting rate C and 
the observed counting rate A are related as, 
C = 2.10 
{sG)£.K 
where, 6 is the branching ratio of the particular radiation, K is the self 
absorption correction for the y-rays in the material of sample and is given 
as, 
K = [l-exp{-/jd)]//jd 2.11 
where, \i is the y-ray absorption coefficient for the sample and is the 
thickness of the sample. Thus, Cr may be written as, 
_ A.AQXP(/U2) 
^^ ~ A o^•^ •6l(£G).K[l - exp(-^,)][1 -exp(-At,)] ^'^^ 
The above equation has been used to calculate the cross-section for 
the particular reaction product, where, 
A = the total nimiber of counts recorded under the peak in time ta. 
X= the decay constant of product nucleus. 
No = the total number of nuclei present in the target. 
0= the incident beam particle flux. 
e G = The geometry dependent efficiency of the 100 cm^ HPGe detector. 
18 
K = the self-absorption correction of y-ray in the target. 
ti= the irradiation time of the stack. 
t2= the time lapse between end of irradiation and start of counting, 
ta = the counting time. 
2.7 Experimental Errors: 
The various factors likely to introduce errors in the present 
measurement are as follows: 
(1) Uncertainty in sample due to inaccurate estimate of the foil thickness and 
non-uniform deposition of the target material. To estimate the number of 
target nuclei and to check the thickness of samples (sample deposits) and 
their uniformity, the pieces of foils of different dimensions were weighed on 
an electronic microbalance and thickness in each was calculated. The error 
in the thickness of the sample material is expected to be < 3% . 
(2) Error due to fluctuations in beam current during the irradiation may give 
rise to the variation in beam current fluctuations within 10%, It is estimated 
that fluctuation may introduce an error of < 8%, Beam flux was also 
calculated by the charge collection method using Faraday's cup, 
(3) The uncertainty in the fitting of the efficiency curve (< 4%) and also the 
solid angle effect (< 2%) [3] may lead to inaccuracy in the measurement of 
detector efficiency in the measurement of detector efficiency. The measured 
efficiency may be inaccurate on account of the statistical errors of counting 
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of the standard source. These were minimized by accumulating the data for a 
long time (5000-16000sec). The statistical fluctuation in efficiency is 
estimated to be < 4%. 
(4) Losses due to the nuclei recoiling out of the target may introduce error in 
the measured excitation functions. Counting together the activity induced in 
the sample and the catcher foil minimized these. 
(5) Error in the incident beam energy has been determined by calculating the 
energy spread in half thickness of the sample with the help of stopping 
power table of Northcliffe and Schilling [2]. 
(6) In all the cases the dead time of counting is likely to introduce error in 
determining the count rate. In the present studies dead time was kept < 10% 
by suitably adjusting the sample-detector distance. 
During irradiation of the stack, the beam traverses the thickness of the 
material, thus the initial beam intensity reduces. It is estimated that the error 
due to decrease in beam intensity is < 2% . 
These errors exclude the uncertainty of the nuclear data like branching 
ratio, decay constant etc. that have been taken from Table of isotopes [4]. 
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Measurements 
CHAPTER-III 
Measurements: 
The excitation functions for the reactions '^*Ge('^ 0,4n)^ ^Zr, 
'^Ge(''0,p2n)*'«Y, '^ Ge(*^0, p3n)''Y, '*Ge(''0, p4n)''Y, ''Ge(^'0, a 3n)''Sr, 
^^Ge('^0, ap2n)"Rb, '''*Ge(^ ^0, ap3n/^'"Rb and ^^Ge('^0, 2a3n)^'Kr have 
been measured experimentally between 60.20 MeV and 111.60 MeV '^0-ion 
beam. The Coulomb barrier energy for '^ O+^ '^ Ge system comes out to be 
38.2 MeV. The experiment was performed at Variable Energy Cyclotron 
Centre (VECC), Kolkata, India, while the detailed analysis of the data has 
been done here in Department of Physics, Aligarh Muslim university, 
Aligarh. In the present experiment, the stack comprises of twelve 
Germanium targets of various thickness ranging from 0.083mg/cm^ to 0.646 
mg/cm ,^ has been used along with aluminum catcher foils. Various reactions 
induced by *^ 0 beam on '"^ Ge target were measured by detecting the 
characteristic y-rays obtained from the decay of the residual nuclei. 
The following expression has been used for cross-section 
measurements, 
^^ A^exp(M,) 
No.04(£G).k[l-exp(Ai^)][\-Qxp(-M,)] 
where, the symbols have been defined earlier. The measured excitation 
functions for the reactions are the " weighted average " of the cross-section 
values corresponding to the various identified y-rays. The Q-values for 
various reactions are calculated using the Atomic Mass Table of Wapstra 
and Grove [1]. The various spectroscopic data such as half-life, y-ray 
energy and absolute y-ray intensities are taken fi-om the references [2-4]. In 
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general weak y-rays and those having energies more than 1.5 MeV are not 
taken into consideration. Moreover, y-rays interfering with back ground 
contamination have also been rejected. Measured reactions, identified y-rays 
and their absolute intensities are listed in Table-Ill. 1 . 
Typical y-ray spectrum of ^^Ge irradiated with '^ O beam at 83.10 
MeV energy is shown in Fig.3.1. The residual nucleus of a particular 
reaction may in general emit y-rays of more than one energy. In such cases 
cross-sections for the same reaction channel are determined separately from 
the observed intensity of y-rays of different energies, originating from the 
same residual nucleus the weighted average of cross-section is taken as the 
final experimental value. 
If o 1, 02, 03, 04 On, are the measured cross-sections and o i, 
02, 03, 04 On, are experimental errors respectively for some 
reaction due to different y-rays, then o i ±01, o 2 ± o 2, o 3 ±0 3, o 4±o 4 
On± On are the experimentally measured cross-sections for a given reaction 
due to different y-rays. Therefore, the weighted average cross-section [5] is 
determined as, 
where, ^''/(t^cr;) 
The internal error (I.E) is given by 
I.E. = ^ W,Y' 3.2 
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Fig. 3.1 Gamma-rays energy spectrum obtained from '^^ Ge at 
'^^ O-ion beam energy, E= 83.10±0.17 MeV. Continue.... 
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Fig. 3.1 Gamma-rays energy spectrum obtained from '"^ Ge at 
"O-ion beam energy, E= 83.10±0.17 MeV. 
Table III.l Spectroscopic data for measured reactions. 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
Reaction 
'"^GeC^O, Anf^Zr 
'"GcC^O, plnf^Y 
^^Ge(^ ^0, p3n)^^ 
'^ Ge(^^0, p4n)^ ^Y 
'^Ge(*^0,a3n/^Sr 
^^Ge('^0,ap2n/^Rb 
^^Ge('^ 0,ap3n)^ '^"Rb 
'^Ge(^^0,2a3n)'^Kr 
Half-life 
16.5h 
80.3h(g) 
48.0m(m) 
14.74h(g) 
4.9h(m) 
2.711(g) 
32.4h 
86.2d 
6.3h(m) 
34.9h 
EyCKeV) 
243.6 
389.8 
484.8 
208.9 
444.0 
628.7 
1078.1 
1154.5 
536.0 
505.6 
382.0 
419.1 
763.0 
520.0 
530.0 
619.9 
699.0 
828.7 
1045.3 
1319.0 
265.0 
397.0 
Absolute 
Intensity,e(%) 
95.9 
82.1 
89.7 
94.0 
16.9 
32.6 
2.5 
30.5 
3.5 
64.0 
19.8 
5.1 
30.0 
46.0 
30.2 
37.2 
24.0 
20.7 
33.0 
25.6 
12.7 
9.5 
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Thus the I.E. entirely depends on the individual observations. 
However, the external error (E.E.) is given by 
which depends on difference between observed and the mean value. 
Therefore, the internal error depends on the internal consistency, 
where as the external error is a function of the external consistency of the 
observations. 
Details of each measured reactions and their excitation functions are 
given as follows: 
1. Excitation Function for the reaction ''*Ge("0,4n)**^Zr: 
The excitation function for the reaction '^*Ge('^ 0, 4n)^ ^Zr has been 
measured experimentally in the '^ O-particle energy range from 60,20±0.13 
MeV to 104.80±0.28 MeV. Q-value for the reaction comes out to be -33.6 
MeV. The complete fusion of '^ O with ^^Ge followed by evaporation of 4 
neutrons from compound nucleus '°Zr leads to the production of evaporation 
residue ^ZT. The residual nucleus decays to ^^ Y by EC. To study this 
reaction we followed the y-ray of 243 keV energy, corresponding to 16.5 hrs 
half-life of the product nucleus ^ ^Zr. The measured excitation function along 
with the various parameters has been listed in Table-III.2. 
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Table III.2 : Measured cross-sections for the reaction ''*Ge("0,4n)***Zr 
(i) Decay constant of residual nucleus, X = 1.1667x10"^  sec'^  
(ii) Time of irradiation, ti= 32880 sec 
(iii) Incident flux of ^^0-ion beam, 0= 2.0833 x 10^ ^ ions/cmlsec 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
Lab Energy, E ± AE 
(MeV) 
60.20±0.13 
65.11±0.31 
69.97±0.27 
74.48±0.12 
78.83±0.26 
83.10±0.17 
87.30±0.31 
91.60±0.38 
95.70±0.18 
99.40±0.20 
104.80±0.28 
Cross-section, a r± Aor 
(mb) 
75.61±7.23 
79.50±7.60 
120.18±8.64 
106.03±8.54 
78.66±6.25 
56.82±5.11 
28.18±2.28 
17.77±1.47 
11.08±1.21 
6.38±0.19 
3.23±0.44 
2. Excitation Function for the reaction ^''Ge("0, p2n)*^ ^Y: 
The excitation function for the reaction "^^ Ge (^ ^O, p2n) '^^ Y has been 
measured experimentally in the energy range 69.97±0.27 MeV to 
111.60±0.28 MeV. In this reaction evaporation residues ^^ Y is produced in 
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complete fusion of ^^ O with '^^ Ge followed by evaporation of 1 proton and 2 
neutrons from compound nucleus. It has two isomers of half-lives 13 hours 
and 80.3 hours. The 13 hours metastable state decays to ground state by 
isomeric transition. To study this reaction we followed the most intense y-
rays of 388 keV and 485 keV in the decay of ground state of evaporation 
residue *^ Y by EC & p"^ . Hence, the measured cross-sections are only due to 
ground state. The measured excitation functions along with the various 
parameters involved in the measurement have been listed in Table- III.3. 
3. Excitation Function for the reaction '^^ GeC^ '^ O, p3n)**^  Y: 
The excitation function for the reaction Ge( O, p3n) Y has been 
measured experimentally in the energy range from 60.20±0.13 MeV to 
111.60±0.28 MeV. Q-value for this reaction is calculated to be -30.4 MeV. 
In this reaction two isomers of evaporation residue *^ Y are produced, with 
half-lives 48 minutes and 14.74 hours, in the evaporation of 1 proton and 3 
neutrons from the compound nucleus. The 48 minutes metastable state 
decays to its ground state by isomeric transition. To most intense y-rays of 
208 keV, 443 keV, 628 keV, 1076 keV and 1154 keV have been considered 
for cross-section measurements. To ascertain the identification of y-rays, the 
relative intensities of detected y-rays have been measured using recorded 
spectra, at various '^ O beam energies. The measured excitation function at 
different *^0-beam energy along with the various parameters involved in the 
measurement has been given in Table-III.4. 
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Table III.3: Measured cross-sections for the reaction '^'Ge(^ *0, p2n)"^Y 
(i) Decay constant of residual nucleus for ground state, Xg=2.3973xl0'^ sec"' 
(ii) Time of irradiation, ti = 32880 sec 
(iii) Incident flux of '^0-ion beam, 0= 2.0833 x 10^ ^ ions/cmlsec 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
Lab Energy, E±AE 
(MeV) 
69.97±0.27 
74.48±0.12 
78.83±0.26 
83.10±0.17 
87.30±0.31 
91.60±0.38 
95.70±0.18 
99.40±0.20 
104.80±0.28 
111.60±0.28 
Cross-section, ar± Aor 
(mb) 
129.29±10.08 
76.86±5.51 
42.99±3.09 
26.84±2.46 
11.51±1.02 
7.56±0.89 
3.99±0.59 
4.62±0.81 
2.75±0.39 
0.88±0.27 
4. Excitation Function for the reaction ''*Ge("0, p4n)*^Y: 
The excitation function for the reaction '^^ GeC'^ O, p4n)^ ^Y has been 
measured experimentally in the energy range 74.48±0.12 MeV to 
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Table III.4: Measured cross-sections for the reaction Ge(*^0, p3n) Y 
(i) Decay constant of residual nucleus in metastable state, Am=2.4063xl0"^  sec"' 
(ii)Decay constant of residual nucleus in ground state, X,g= 1.3060x10'^  sec"' 
(iii) Time of irradiation, ti = 32880 sec 
(iv) Incident flux of '^0-ion beam, 0= 2.0833x 10*^  ions/cmlsec 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
Lab Energy, E±AE 
(MeV) 
60.20±0.13 
65.11±0.31 
69.97±0.27 
74.48±0.12 
78.83±0.26 
83.10±0.17 
87.30±0.31 
91.60±0.38 
95.70±0.18 
99.40±0.20 
104.80±0.28 
111.60±0.28 
Cross-section, Or± Aor 
(mb) 
488.66±47.89 
423.99±31.97 
566.57±30.08 
544.29±29.41 
418.54±21.97 
355.44±23.58 
192.04±10.52 
132.22±7.30 
97.83±7.24 
23.94±3.29 
9.71±1.49 
2.63±0.27 
99.40±0.20 MeV. In this reaction two isomers of evaporation residues ^^ Y 
are produced, with half-lives 4.9 hours and 2.7 hours in the complete fusion 
of O with Ge. To study this reaction we followed the y-rays of 505 keV 
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and 536 keV energies corresponding to half-lives 2.7 hours and 4.9 hours 
respectively from the residual nucleus ^^ Y. Hence the measured cross-
sections are the sum of isomeric and ground state contributions. Measured 
excitation function corresponding to the reaction '^*Ge(^ ^0, p4n)^ ^Y along 
with various parameters involved in the measurement have been given in 
Table-III.5. 
5. Excitation Function for tlie reaction '^^ GeC^ O, a n)*^ Sr: 
The excitation function for the reaction Ge( O, a n) Sr has been 
measured experimentally in the energy range 69.97±0.27 MeV to 
111.60±0.28 MeV. Complete fusion of '^ O with '^'Ge followed by emission 
of la-particle and Ineutron leads to production of evaporation residue ^^ Sr. 
The same evaporation residue may be formed by incomplete fusion *^ C (if 
the fragment *^ C of '^ O fuses with *^Ge) and 3 neutrons are emitted. 
Measured cross-sections therefore may include contribution from 
incomplete fusion process along with complete fusion process. In this 
reaction two isomers of ^^ Sr are produced, having half-lives 5.0 sec and 32.4 
hours. The 5.0 sec metastable state completely decays to the 32.4 hours 
ground state by isomeric transition. Hence, the measured cross-sections are 
the sum of isomeric and ground state both. To study this reaction we 
followed the y-rays of 382 keV, 418 keV and 763 keV. The measured cross-
involved in the measurement have been given in Table-III.6. 
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Table III.5: Measured cross-sections for the reaction ''*Ge(^ *0, p4n)*^ Y 
(i) Decay constant of residual nucleus in metastable state, Xm = 3.9286x 10'^  sec* 
(ii) Decay constant of residual nucleus in ground state, 
(iii) Time of irradiation, 11= 32880 sec 
(iv) Incident flux of *^0-ion beam, 0= 2.0833x 1 o'^ ions/cmlsec 
Xg= 7.1828x10-^  sec -1 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
Lab Energy, E± AE 
(MeV) 
74.48±0.12 
78.83±0.26 
83.10±0.17 
87.30±0.31 
95.70±0.18 
99.40±0.20 
Cross-section, ar± Aor 
(mb) 
154.42±23.21 
165.99±17.53 
228.41±23.87 
212.84±18.65 
207.36±30.00 
78.41±9.07 
6. Excitation Function for the reaction ''•Ge("0, a p2n)'"Rb: 
The excitation fimction for the reaction ^^GcC^O, a p2n)^ ^Rb has been 
measured experimentally in the '^0-ion energy range from 69.97±0.27 MeV 
to 111.60±0.28 MeV. To study this reaction we followed the y-rays of 520 
keV and 529 keV energies corresponding to 86.2 days half-life of the 
residual nucleus ^^ Rb produced in the complete fusion of *^ 0 with '^^ Ge 
followed by emission of la -particle, 1 proton and 2 neutrons from compound 
nucleus. The measured cross-sections at different *^0-ion energy along with 
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the various parameters involved in the measurement formula have been 
given in Table-III.7. 
Table III.6: Measured cross-sections for the reaction '"^ GeC^ O, a 3n)*^ Sr. 
(i) Decay constant of residual nucleus, A, = 5.9414 x 10"^  sec"' 
(ii) Time of irradiation, ti = 32880 sec 
16/ (iii) Incident flux of 0-ion beam. 12 0= 2.0833x10'^ ions/cm^sec 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
Lab Energy, E±AE 
(MeV) 
65.11±0.31 
69.97±0.27 
74.48±0.12 
78.83±0.26 
83.10±0.17 
87.30±0.31 
91.60±0.38 
95.70±0.18 
99.40±0.20 
104.80±0.28 
111.60±0.28 
Cross-section, a r± Aor 
(mb) 
67.77±6.43 
84.66±6.52 
132.74±8.76 
125.62±819 
165.44±10.42 
116.09±7.98 
101.04±6.56 
98.53±7.44 
89.77±6.45 
70.21±5.14 
21.27±1.47 
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Table 111.7 : Measured cross-sections for the reaction 
'''Ge("0,ap2n)'^Rb 
(i) Decay constant of residual nucleus, X = 9.3 049 x 10'^  sec"' 
(ii) Time of irradiation, ti= 32880 sec 
(iii) Incident flux of ^^0-ion beam, a>= 2.0833x 10^ ^ ions/cmlsec 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
Lab Energy, E±AE 
(MeV) 
69.97±0.27 
74.48±0.12 
78.83±0.26 
83.10±0.17 
87.30±0.31 
91.60±0.38 
95.70±0.18 
99.40±0.20 
104.80±0.28 
111.60±0.28 
Cross-section, ar± Aor 
(mb) 
96.00±9.71 
170.28±15.68 
164.20±14.27 
234.10±18.27 
159.10±12.85 
146.93±11.46 
168.70±26.74 
160.90±22.77 
122.00±16.58 
67.12±12.87 
7. Excitation Function for the reaction ''*Ge("0, a p3n)*^"Rb: 
The excitation function for the reaction "^^GQC^O, ap2n)^ '^"Rb has 
been measured experimentally in the energy range from 74.48 ±0.12 MeV 
to 111.60 ± 0.28 MeV. In this reaction residual nucleus ^^ ""Rb is produced, 
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which has an isomeric state with half-life 6.47 hours. To study this reaction 
we followed the y-rays of 619 keV, 698 keV, 828 keV, 1044 keV and 1319 
keV. The residual nucleus can be produced in the decay of ^^ "*Rb by EC and 
p^ in complete fiision of ^^ O with ^ '^ Ge followed by la -particle, 1 proton, and 
3 neutrons. The same residual nucleus may also be produced by incomplete 
fusion of *^ C (in the break up of '^ O) with '^^ Ge followed by emission of 3 
neutron and 1 proton. The measured cross-sections at different '^0-ion 
beam energies along with the various parameters involved in measurement 
have been given in Table-III.8. In this reaction only isomeric state cross-
sections are measured. 
8. Excitation Function for the reaction ^ '*Ge(^ *'0,2a 3n) '^Kr: 
The excitation function for the reaction ''*Ge('^0, 2a 3n)^ ^Kr has been 
measured experimentally in the energy range from 83.10±0.17MeV to 
lll.60t0.28 MeV. In this reaction two isomers of residual nucleus ^^ Kr are 
produced, having half-lives 50 seconds and 34.9 hours in the complete 
fusion of '°0 with '^ Ge. The 50 sec metastable state immediately decays to 
the 34.9 hours ground state by isomeric transition. To study this reaction we 
followed the y-rays of 265 keV and 397 keV obtained in its decay by EC & 
P"^ . Hence the measured cross-sections are the contributions of both the 
isomeric and ground state. Same residual nucleus is also be produced 
through incomplete fusion of '^ C (a fragment of '^ O) with ^^ Ge.The 
measured cross-sections at different '^0-ion beam energy along with the 
various parameters involved in the measurement been given in Table-III.9. 
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TableIII.8: Measured cross-sections for the reaction ^ ''Ge("0, a p3n)""Rb 
(i) Decay constant of residual nucleus, XTO=5.5158x10"^ sec 
(ii)Time of irradiation, ti = 32880 sec 
(iii) Incident flux of '^0-ion beam, 0= 2.0833 x 10^ ^ ions/cmlsec 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
Lab Energy, E±AE 
(MeV) 
74.48±0.12 
78.83±0.26 
83.10±0.17 
87.30±0.31 
91.60±0.38 
95.70±0.18 
99.40±0.20 
104.80±0.28 
111.60±0.28 
Cross-section, ar± Aor 
(mb) 
23.06±2.18 
30.35±1.84 
71.15±3.71 
71.81±3.24 
87.01±3.81 
128.38±5.54 
66.24db2.87 
47.82±2.06 
24.21±1.04 
35 
Table III.9 : Measured cross-sections for the reaction '^*Ge(^ *^ 0, a 2p5n)''Kr 
(i) Decay constant of residual nucleus, 
(ii)Time of irradiation, 
(iii) Incident flux of ^^0-ion beam, 
X = 5.5158x10"^ sec 
ti = 32880 sec 
a>= 2.0833x10'^ ions/cmlsec 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
Lab Energy, E±AE 
(MeV) 
83.10±0.17 
87.30±0.31 
91.60±0.38 
95.70±0.18 
99.40±0.20 
104.80±0.28 
111.60±0.28 
Cross-section, Gr± Aor 
(mb) 
11.68±4.50 
11.34±1.83 
20.20±3.05 
40.65±8.14 
58.79±12.04 
54.33±5.07 
25.78±2.61 
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Chapter-IV 
Computer Code ALICE-91 
CHAPTER-IV 
Computer Code ALICE-91: 
A large number of different excited configurations are possible for the 
composite system where a heavy nucleus is bombarded with a projectile 
even at low energy. The density of the quantum mechanical states increases 
rapidly with the excitation energy and soon become very large. Moreover, in 
the emission of particle from the compound nucleus a large number of 
residual states may be possible. Since a separate study of each state is 
difficult, models based on statistical methods are the important tools for the 
study of nuclear reaction mechanism. 
Various computer codes are developed based on different models, 
which are enable to study nuclear structure and reaction mechanisms. Some 
of the important model codes based on nuclear statistical models are: 
ALICE-91, CASCADE, PACE-2 and EVAP. 
We have used the code ALICE-91 [1] for excitation function 
calculations using heavy ion beam as projectile. This code is based on multi 
step gridded (MSGR) method. The method involves the construction of a 
grid in Z and A for each nucleus. Population distribution over a 2-
dimensional grid in excitation energy and angular momentum is calculated 
[1]. This code takes into account pre-equilibrium (PE) emission together 
with equilibrium (EQ) decay. 
The computer code ALICE-91 [1] is an improved version of earlier 
codes ALICE/LIVERMORE-82 [2] and OVELAID ALICE [3]. This code is 
capable of calculating equilibrium (EQ) and pre-equilibrium (PE) emission 
cross-sections. The equilibrium emissions in this code can be performed 
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employing Weisskopf-Ewing model [4] while pre-equilibrium emissions can 
be performed in the framework of hybrid/geometry dependent hybrid (GDH) 
model [5,6]. In this code besides evaporation of neutrons and protons, 
cluster of nucleons such as a -particle may also be considered. 
This is done with conservation of angular momentum. This code is 
valid for excitation energy of the compound nucleus up to 300 MeV. It does 
not take into account the possibility of incomplete fusion, but can compute 
statistical fission calculation in the framework of Bohr-Wheeler approach 
using angular momentum dependent ground state and saddle point 
energies[7]. Rotating finite range fission barriers due to Sierk [8] may be 
chosen, which is based on rotating liquid drop model. Reaction cross-
sections for residual nuclei up to 11 mass units and 9 atomic nuclear units, 
from the compound nucleus may be calculated. Various Parameters like Q-
value and binding energies for all nuclei are based on experimental masses 
stored in the data file due to Wapstra and Audi [9]. Wherever the nuclear 
masses are not available in the data file. They are calculated from the Myers-
Swiatecki mass formula [10]. For pairing energy terms 5 four options are 
available in the code, i.e. (i) No consideration of pairing term, 
(ii)^ = lj//— taken as zero for odd-even nuclides, +8 for even-even 
nuclides and -6 for odd-odd nuclides, (iii) 5 is taken as zero for even-even 
nuclides, - 8 for odd-even and -28 for odd-odd nuclides, in the frame work of 
back-shifted level density/pairing treatment [11]. Inverse cross-sections are 
calculated from the optical model subroutine, which uses the Bechhetti and 
Greenless [ 12] optical parameters. Option for classical sharp cut off model 
is also available in this code . 
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Equilibrium (EQ) Calculations: 
To perform the equilibrium calculations, Weisskopf-Ewing [4] 
approach has been followed. Although in the Weisskopf-Ewing evaporation 
formalism conservation of angular momentum is not taken into account 
explicitly, which in turn reduced the computer running time to considerable 
amount, but an approximate treatment of angular momentum effects is 
incorporated using S-wave approximation [13,14]. 
The level density of the nuclides involved /^(c/), at an excitation 
energy U, can be calculated either using formula of Kataria- Ramamurthy 
[15] or Ignatyuk [16] or from the Fermi gas-model [17], using expression: 
p{u) = {U- Sf" exp[2^ a(U-S)] 4.1 
where, ' ^ ' the pairing term and 'a 'is the level density parameter. In this 
calculation the level density parameter ' a' is defined as A/PLD, where, A is 
the mass number of the compound system and PLD is the number, which 
may be taken as 9 by default. The parameter PLD may be taken to fit the 
experimental data. A brief outline of the logic of computer code is given 
here. The core of this computer code is divided into a chart of Nuclides as 
shown in Fig.4.1. There is a compound nucleus, which is formed at some 
cross-section. The Weisskopf-Ewing [4] calculations are then performed by 
evaporating a neutron, proton, and / or alpha particle and population of 
residual nucleus is stored in a proper bin. The evaporation cascade is 
computed with a bin of 1 MeV. 
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In Fig.4.1, the logic or control then moves over to the (A-1) bin, the 
bin following neutron emission. The code uses the number of millibams in 
the highest energy bin of (A-1) and redistributes that cross-section in the 
same manner. It then moves down to the next residual excitation bin, and so 
on, until it has redistributed all the cross-section and summed it in the 
appropriate bins of residual nuclides. It repeats this logic, going across the A 
as far as requested (up to 11 mass units) by an input parameter. Next it drops 
down in Z to the nucleus (A-1), (Z-1) and the same process is repeated up to 
9 atomic numbers deep. 
Pre-Equilibrium (P£) calculations: 
The pre-equilibrium calculations of excitation functions in this code 
can be done using either hybrid model [6] or geometry hybrid model [7]. 
Very few parameters are generated within the code by default. The input 
data required are, neutron and proton number of target and projectile, the 
initial exciton number *no'> level density parameter 'a' and the mean free 
path multiplier 'COST'. The mean free path for intranuclear transition rates 
calculated within the code either from the imaginary optical potentials using 
parameters of Bacchetti and Greenlees [12] scattering cross-sections. The 
calculated mean free path differs from the actual mean free path for two 
body residual interactions. To account for this, an adjustable parameter 
'COST' is provided in the code. The mean free path in this code is 
multiplied by (COST+1). Nucleons mean free path can be adjusted so as to 
reproduce the experimental excitation fimctions by varying the parameter 
COST. 
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A - 2 
Fig. 4.1 Representation of logic flow of the code ALICE-91 
In pre-equilibrium reaction cross-section calculation, the initial 
exciton number 'no' configuration is a crucial quantity. The total exciton 
number 'no' equals to the sum of neutrons, protons and holes. Different 
values of initial exciton number 'n©' should be chosen for different type of 
projectiles. For example, for a -particle, no=4 ( 2n+2p+0h ) has been well 
accepted [18,19] and for heavy ions like '^C, "^^N and *^ 0 the initial exciton 
niunbers no=12, 14 and 16 respectively are generally accepted values 
[20,21]. 
. The single particle level densities for neutron (gjand proton (g^) are 
calculated as. 
and 
^""20 
^Sf + B„+s^ 
\ 
4.2 
Sp = 
N_ 
20 
7 
^f+Bp+s 
4.3 
•f J 
where,£- ,^ 5,, B^, e, N and Z are the Fermi energy, binding energy of 
the neutron number of compound nucleus respectively. 
The differential cross-section for emitting a particle with channel 
energy e may be written as.(cross-section per unit energy to emit a 
particle of type v) [2]: 
da 
ds 
I+L 
0 J^f-'\ 1=0 
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00 
= J]aj 2(25, + \)(7, (s)msp{E, l)l D 4.4 
/=o 
where, X is the de-BrogUe wave length of the incident ion . T, is the 
transmission coefficient of the 1th partial wave of the incident ion. f^£,J) 
is the spin dependent level density for residual nucleus. ' D ' is the 
integral of numerator overall particles and emission energies. E the 
excitation energy of the compound nucleus, ' cr/ is the partial reaction 
cross-section for the incident 1th parial wave,' 5 / is the intrinsic spin of 
the particle v. Tl{s) is the transmission coefficient for the particle v 
with kinetic energy e and orbital angular momentum 1, 'cr/ is the 
inverse reaction cross-section and m is the mass of emitted particle. 
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Cbte.V 
Results and Discussion 
CHAPTER-V 
5.1 Experimental Results: 
In the present work, excitation functions for eight reactions 
^^Ge('^ 0,4n)*^Zr, 74Ge(^^0, p2n)*^^Y, 74Ge('^0, p3n)*'Y, '^Ge('^0,p4n)^^Y, 
^*Ge(^^0, a3n)*^Sr, ^*Ge('^0, ap2n)*^Rb, ^*Ge(^^0, ap3n)* '^"Rb and 
'^*Ge(^ ^0, 2a3n)^^Kr have been measured in energy range from 60.20 MeV 
to 111.60 MeV. Measured excitation functions are listed in Table-III.2 to 
III.9. 
To the best of our knowledge no earlier measurements are available in 
literature. The measured excitation functions are compared with statistical 
model code ALICE-91 [1], which takes care of pre-equilibrium emission. A 
detail of excitation function analysis using this code and the parameters 
involved in the calculation has been given in the following section. 
5.2 Analysis with code ALICE-91: 
In the code ALICE-91 [1] compound nucleus calculations are 
performed using Wiesskopf-Ewing model [2] and geometry dependent 
hybrid (GDH) model [3,4] is adopted for the calculations of pre-equilibrium 
components, which in turns calculate compound nucleus contribution in later 
stage. In other words, pre-equilibrium process has been included only in the 
first step of evaporation. In this code as described earlier in Chapter IV, 
there are three main and important input parameters involved in the 
calculations, which are used to fit the experimental excitation functions, 
namely: initial excitation number 'Uo', mean free path multiplier 'COST' and 
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level density parameter constant 'PLD'. The input parameters 'no' and 
*COST' control only the pre-equilibrium components, while the level 
density parameter constant 'PLD' takes care of equilibrium as well pre-
equilibrium components. In this code level density parameter 'a' has been 
calculated using the expression a=A/PLD, vs^ iere A is the mass number of 
compound system and PLD is called level density parameter constant. An 
attempt has been made to see the effect of variation of PLD on the excitation 
functions. Excitation functions corresponding to different values of PLD 
such as PLD=12,15,18 and 21 for the reactions ^^Ge(^^0,4n) *^Zr, 
''^GeC^O, p3n)*^^, '^*Ge('*^0, p4n)*^Y, ^^Ge('^0, a3n)*^Sr, 
^*Ge(^^0, ap2n)*^Rb and ''^GeC^O, 2a3n)^^Kr have been calculated and are 
displayed in Figs.5.1-5-6. The influence of initial exciton number 'no' on the 
result of calculated excitation functions for all the measured reactions have 
been investigated by varying no =12, 16 and 20. The effect of variation of 
parameter 'no' on excitation function for three of the measured reactions 
'^^ GeC^ ^O, 4n) *^Zr, ^*Ge(^^0,p4n) *^ Y and ^^Ge(^^0, 2a3n) ''^ have been 
calculated and displayed in Figs.5.7-5.9. Smaller value of 'no' means larger 
number of two-body interactions prior to the establishment of equilibrium of 
compound nucleus and hence larger pre-equilibrium contribution. The 
parameter COST that comes into calculation in the form (COST+1) as 
multiplier to mean free path (MFP), has been varied as COST = 0, 2 and 4. 
To see the effect of variation of COST on the excitation functions, 
calculations have been made corresponding to each values of COST for all 
the reactions. COST variation effects for the above three reactions and are 
displayed in Figs.5.10-5.12. The pre-equilibrium emission results mainly 
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Fig. 5.1 Experimentally measured and theoretically calculated 
excitation function, for the reaction ^ '*Ge(^^0,4n)*Zr, using 
code ALICE-91 for different values of PLD (= 12,15,18, 21), 
n =16, C0ST=2. 
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Fig. 5.2 Experimentally measured and theoretically calculated 
excitation function, for the reaction ^ ^Ge(^ ®0, p3n)^, using 
code ALICE-91 for different values of PLD (= 12,15,18, 21), 
n =16, C0ST=2. 
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Fig. 5.3 Experimentally measured and theoretically calculated 
excitation function, for the reaction ^ *Ge(^ ®0, p4n)® r^,using code 
ALICE-91 for different values of PLD (= 12,15,18, 21). Jn^=^e, 
C0ST=2. 
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Fig. 5.4 Experimentally measured and theoretically calculated 
excitation function, for the reaction ^ ^Ge(^ ®0, a3n)^Sr, using code 
ALICE-91 for different values of PLD (=12,15,18,21), n^=^6, 
C0ST=2. 
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Fig. 5.5 Experimentally measured and theoretically calculated 
excitation function, for the reaction ^ ^Ge(^ ®0, ap3n)^Rb, using 
code ALICE-91 for different values of PLD (=12,15,18, 21), 
n^=16, C0ST=2. 
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Fig. 5.6 Experimentally measured and theoretically calculated 
excitation function, for the reaction '^^ GeC^ O^, 2a3n)^Kr, using 
code ALICE-91 for different values of PLD (=12,15,18,21), 
n =16, C0ST=2. 
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Fig. 5.7 Experimentally measured and theoretically calculated 
excitation function, for the reaction ^ '^ GeC^ O^, 4n)^Zr, using 
codeALICE-91 for different values of nQ(= 12,16, 20), PLD=18, 
C0ST=2. 
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excitation function, for the reaction ^ ^Ge(^ ®0, p4n)^, using 
code ALiCE-91 for different values of n, (=12,16, 20),PLD=18, 
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Fig. 5.9 Experimentally measured and theoretically calculated 
excitation function, for the reaction '^^ GeC^ O^, 2a3n)^Kr, using 
code ALICE-91 for different values of n^  (=12,16, 20), PLD=18, 
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Fig. 5.12 Experimentally measured and theoretically calculated 
excitation function, for the reaction ^^ Ge(^ ®0, 2a3n)^ ^Kr, using 
code ALICE-91 for different values of COST (= 0, 2,4), nQ=16, 
PLD=18. 
come from nuclear peripheral collision vs^ere nuclear matter density is 
lowest, hence the value of COST is expected to be greater than 1. However, 
it has been noticed that effect of COST variation is very small, in the heavy 
ion induced excitation functions. Calculations based on pure equilibrium 
(EQ) process have also been made and for some reactions are displayed in 
Fig.5.13-5.15. EFs for two reactions '"^ GeC^ ^O, p2n)*^^ and 
"^^ Ge (^ ^O, ap3n)*^"Rb have been measured corresponding to ground 
and metastable state only and are displayed in Fig. 5.16 and 5.17. 
5.3 Discussion: 
It is evident from Figs. 5.1 land 5.12 that for *^ 0+ '^*Ge system, no=16 
with configuration ( 8 neutrons + 8 protons + 0 hole ), COST=2 and 
PLD=18, in general gives satisfactory reproduction of experimental 
excitation functions. It has been observed that the most sensitive parameter 
to the excitation functions is PLD and the effect of variation 'COST' and 
'no' in the nearby region does not show any substantial change. The 
exceptionally larger value of PLD=18 may be attributed to the fact that the 
compound nucleus ^ Zr^ is a magic nucleus, with closed neutron shell and 
hence larger value of PLD is expected. It is worth to note that the theoretical 
calculations using ALICE-91, don't take into account incomplete fusion 
(ICF) process and hence the deviation of the measured excitation functions 
from the theoretical calculations may be attributed to the presence of 
incomplete fusion process (ICF). The excitation functions for the reactions 
''GtC^O, 4n)^Zr, ^*Ge(^'0, p3n)*S^, ^*Ge(^^0, p4n)«^Y and 
Ge(**0,2a3n)^^Kr seem to take place through CF process, while the 
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74^ /16 for the reaction '^ Ge( O. 2a3n) '''Kr, using code ALICE-91. 
10'T 
C 
o 
t5 
(D 
I (0 (0 
o 
" 10'J 
"Ge("0.p2nfY 
i 
Experimental 
* 
70 60 80 90 100 110 
Energy (MeV) 
120 
Flg.5.16 experimentally measured excitation function, 
for the reaction ^ 'Ge('®0, p2n) ^'^ 
lU -
_10^ 
^ H 
JQ 
E ^-^ 
c o 
'•*•' 
o 
CD (0
0) 
o10 
k- — 
o : 
i m 
m 
• 
''Ge('^0. ap3npRb 
• 
K-
• 
Experimental 
• 
• 
• 
H 
70 80 100 90 
Energy (MeV) 
— I — 
110 120 
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74^_/16/ x82mr for the reaction ''Ge( O, ap3nr'"Rb. 
excitation functions corresponding to. reactions Ge( O, a3n) Sr and 
^^GeC'^ O, ap2n)*^Rb, especially at higher projectile energies, show the 
presence of ICF process along with CF process. However, to get some 
definite conclusion about the reaction mechanism, either in-beam 
measurements or recoil range distribution measurements of evaporation 
residues are needed. From our analysis we have also noticed that pre-
equilibrium contribution is not very significant except few reactions, at least 
for this system and at present projectile energies. The code in the present 
form is unable to calculate metastable state and ground state cross-sections 
separately, hence a comparison of the partially measured EFs for the 
reactions'^Ge ('^O, p2n)^ ^^Y and ^'*Ge('^0, ap3n)^ '^"Rb with ALICE-91 
calculations have not been presented. The measured excitation functions for 
the above two reactions are however displayed in Figs. 5.17 and 5.18. 
49 
References: 
[1] M. Blann, NEA Data Bank, Gif-Sur-Yveette, France, Report PSR-
146(1991). 
[2] V.F. Weisskopf and D. H. Ewing; Phys. Rev. 57 (1940) 472. 
[3]M. Blann, Phys. Rev. letters. 27 (1971) 337. 
[4] M. Blann, Phys.Rev. letts. 28 (1972) 757. 
i 
y^^^y^'"':/^ 
50 
